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Fourth and concluding report

[FAB655-06-1-3027] — Butterflies: photonic crystals on the wing
Doekele G. Stavenga
Department of Neurobiophysics, University of Groningen, the Netherlands

Summary

We investigated the optics of the wings of various butterfly species with both
experimental and theoretical techniques. The focus has been on unraveling the methods
of coloration used by butterflies of the family Pieridae. Both structural (physical) and
pigmentary (chemical) coloring exists among males, whilst females apply virtualy
exclusively pigmentary coloring. The genetic expression of key pigments, leucopterin,
xanthopterin and erythropterin, appears to be intimately linked to the subfamily. The
analysis of pierid coloration has created a solid framework for studies of other butterflies,
notably lycaenids and papilionids, which display striking colors due to intricate photonic
crystal (PC) structures. A combined theoretical and computational study has yielded the
insight that butterfly PCs are structured as gyroids, infinitely connected triply periodic
minimal surfaces. Elucidating the butterfly PC structure will allow the calculation of
reflectance spectra and polarization properties of butterfly wings.

Introduction

The color of a butterfly wing depends on the interaction of light with the material of the
wing and their spatial structure. Butterfly wings consist of a wing substrate, upon which
stacks of light-scattering scales are arranged. When the scales contain pigment, it
selectively absorbs part of the incident light spectrum, resulting in a characteristic color.
Additional, iridescent coloration sometimes occurs because of the interaction of light
with periodic structures, for instance when the scales contain multilayers. The wing
colors can be understood by analyzing the different contributions of light scattering,
pigment absorption, iridescence and other wave-optical effects.

The butterfly family Pieridae has two main subfamilies, the Coliadinae and the
Pierinae, appropriately called the sulfurs and whites, respectively. Pieridae are attractive
for developing our understanding of butterfly wing coloration, because their coloration
methods are relatively simple compared to the often complex and as yet ill-understood
optical phenomena encountered in lycaenids and papilionids. In these latter cases the
wing scales are often periodically structured with dimensions in the nanometer range,
causing reflection phenomena, typical for so-called photonic crystals.

Results

The colorsof pierid butterflies

Many butterfly species are marked by a distinct sexual dichroism (see 2™ report). For
understanding the complexity of butterfly coloration it is instructive to compare the males
of different pierids (Fig. 1). Butterflies of the subfamily Coliadinae generally have an
overall orange or yellow color, underlying the common name sulfurs. Members of the
subfamily Pierinae, called the whites, indeed often are prominently white, but they
exhibit not rarely colorful (orange or red) wing tips, and exceptionally their main wing
areas can be yellow (for instance Eronia leda; Fig. 1).
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Fig. 1. Photographs and reflectance spectra of male pierid butterflies: Colias electo (Coliadinag),
Eronia leda, Colotis danae, and Pieris rapae rapae (all Pierinag), respectively. The left and right
column of the photographs are taken with ultraviolet and visible light. Of each species the top and
bottom rows of the photographs represent the upper (dorsal) and lower (ventral) side, respectively.
The numbers in the photographs indicate the location where the reflectance spectrum with the
corresponding number was taken.

The dorsal wings of males of the Coliadinae usually have a distinct ultraviolet
reflectance, which is also present in certain members of the Pierinae, but then exclusively
in the dorsal wing tips. The reflectance properties correlate with the phylogenetic tree of
the Pieridae, as it was established by morphological and molecular-biological methods
(Fig. 2). The pierids depicted as an example in Fig. 1 are arranged in the same way as the
phylogenetic tree: Colias electo belongs to the Coliadinae, Eronia leda and Colotis danae
belong to the Colotis group, and Pieris rapae rapae to the Pierini.



Coliadinae — wing: yellow/orange + SWI

Colotis group — wing: white/yellow
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Pierinae — Anthocharidini — wing: white/yellow
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Fig. 2. Phylogenetic tree of the butterfly family Pieridae. The subfamily Pierinae consists of the
Colotis group, and the tribes Anthocharidini and Pierini. The Coliadinae are mainly yellow or orange,
and the dorsal wings of the males have a short-wavelength iridescence (SWI). The wings of males of
the Colotis group are characterized by dorsal wing tips that are orange or red and short-wavelength
iridescent. Males of the Anthocharidini are generally non-iridescent. The wings of Pierini are aso
non-iridescent and are white colored with some black dots, and they have occasional black wing
margins.

We have studied the pigments responsible for the colors of pierid butterflies, by
applying a novel, though simple method, alowing very local extraction of the pigment
(Fig. 3). Older studies have demonstrated that pigments of the pterin family determine the
color of pierid wings. Pterins are easily extracted with a solution of ammonium hydroxide
with isopropylalcohol. Application of a local drop, and measuring the transmittance of
the drop with two light guides, connected to a broad-spectrum light source and a
photodiode array, yielded the absorbance spectra of the wing pigments.

The pigments, erythropterin, xanthopsin, and leucopterin, have absorption peaks
at about 450, 390 and 340 nm, respectively, and they are located in small granules (so-
called beads) attached to the crossribs of the scales (Fig. 4, 5). The pigments absorb
scattered light, resulting in orange/red, yellow and white wing scales, respectively. All
pterin pigments absorb ultraviolet light, causing a low wing reflectance in the UV. The
high UV reflectance, observed in several male wings (Fig. 1) is caused by the fact that the
scales have multilayered ridges (Fig. 5, 6).

PDA-SP

Fig. 3. Local extraction of pterins from pierid wings. a A droplet of a 0.1 % ammonium hydroxide
solution is held between the tips of two quartz light guides that are coated with black paint. Light from
a deuterium/halogen light source is focused into the light guide at the left, and the light transmitted by
the droplet is guided by the light guide at the right to a photodiode-array-spectrophotometer (PDA-
SP). At the start of an experiment the droplet is brought into contact with a piece of wing (here of a
large white, Pieris brassicae).



Fig. 4. Electron microscopic photographs of scales of a
male small white, Pieris rapae. a Cover scales partly
overlap ground scales (scanning electron microscopy,
SEM). The upper lamina of the scales features
longitudinal ridges. b Part of a white scale (SEM). The
ridges are connected by crossribs, which are adorned
by numerous oval-shaped beads. ¢ Transmission
electron microscopic (TEM) section of a white scale,
showing the beads at the upper lamina of the scale. The
lower lamina of the scaleis more or lessflat. d A scale
from one of the black spots (SEM), showing that in this
case the crossribs do not have beads (a, bar: 25 um; b-
d, bar: 2 um).

Fig. 5. a Pat of a cover scale,
overlapping a ground scale, from the
orange tip of a male Hebomoia
glaucippe (SEM). Both cover and
ground scales have crossribs with
beads. The ridges of the cover scale
(black arrow) are more densely
spaced than the ridges of the ground
scale (white arrow) and are strongly
folded into lamellae (bar: 2 um). b
The lamellae form a multilayer stack,
so that incident light arriving at a
surface of alamellais partly reflected
and transmitted. Because light
behaves as a wave for structures with
nanosized dimensions, the reflected
light waves can interfere
constructively  depending on the
distances of the surfaces. The lamellae
act together as an interference
reflector for short-wavelength,
ultraviolet light.

In photonic crystal (PC) theory, multilayers are called 1D-PCs, because of the repetitive
refractive index changes along one coordinate. In the pierid wing scales, the multilayers
are extremely slender piles, and thus rather form 2D-PCs. The structures result in narrow-
band reflectance spectra, peaking in the ultraviolet (and sometimesin the blue, in the case

of the male purpletip, Colotis regina).



The color of Morphos

The same multilayered ridges as in male pierids are found in the strikingly blue reflecting
Morpho butterflies (Fig. 6, 7). The ridges function as reflecting multilayers, but because
of the narrowness, light is diffracted in a plane (Fig. 8). With oblique illumination from a
large angle with respect to the ridge axis, interference reflection is no longer possible, and

then the brown pigment located below the ridges, which serves as a contrast medium,
becomes visible (Fig. 7).

Fig. 6. SEM (a, b) and TEM (c, d) of wing scales of the butterflies Morpho menelaus (a, c) and Colias
eurytheme (b, d). The wing ridges are structured into lamellae that cause a distinct blue reflection in

Morpho menelaus and ultraviolet reflection in Colias eurytheme. Scale bars 1 um (courtesy of Dr. H.
Ghiradella).

Fig. 7. The dorsal wings of the tropical butterfly Morpho didius have a striking blue color (a) due to
multilayer interference reflection. Upon oblique illumination (b), outside the angle of interference
reflection, a light brown pigmentation in the wing scales becomes visible; note the so-called eyes at
the under wings, which are often quite marked in other butterflies, but with natural, wide-angle
illumination they are completely swamped by the interference reflection in Morpho butterflies.



Fig. 8. Diagram explaining the blue iridescent coloration of Morpho wings (similar phenomena occur
in pierid wings in the ultraviolet). A scale ridge forming a multilayer stack reflects an incident light
wave in principle according to Snell’ s law, but the light wave is diffracted in a plane, because the
width of the ridge isin the order of the wavelength of light.

The color of lycaenids and papilionids

Lycaenidae, comprising the blues, hairstreaks and coppers, are often marked by highly
iridescent colors. Early transmission electron microscopic work on the green hairstreak,
Callophrys rubi, suggested that the scales have a 3D cubic network organization (Fig. 9).
An extensive analysis of the scales of a variety of scales, of lycaenids as well as of
papilionids has now revealed that the anatomy of al known scale types can be described
by gyroid structures, as based on the theory of cubic minimal surfaces. This analysis has
led to the proposal to use the scales of lycaenids, like Callophrys rubi, as a biotemplate to
produce three-dimensional optical photonic crystals, since these scales are nearly optimal
for obtaining alarge photonic band gap.

Fig. 9. a Ventral side of the wings of the green hairstreak, Callophrys rubi. b Transmission electron
micrograph of a small area of a single scale of the ventral side of the wing. ¢ Simple cubic network
mode! of the structure of a single wing scale.



From the known 3D structure, we can embark on further studies of the
complicated biological photonic crystals of butterfly wing scales. In a combined
experimental and theoretical approach, we will measure reflectance spectra of single
butterfly wing scales and their dependence on polarization, and we will calculate
reflectance spectra for various gyroid structures and compare them with the experimental
results. This study should lead to a deeper understanding of butterfly wing coloration, and
ultimately thiswill lead to technical applications.

When we have progressed further with the analysis of single scales, we can return
to the coloration of intact wings. We then can bolster our recently published optical
model for the reflectance and transmittance of a stack of scales at the wing.
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